The polypeptides induced in cells infected with a Glasgow isolate of HSV-I (I 7 syn +) have been characterized by SDS polyacrylamide gel electrophoresis.
INTRODUCTION
Several groups have reported the isolation of temperature-sensitive (ts) mutants of herpesviruses (Subak-Sharpe, ~ 969; Schaffer et al. 1970 Schaffer et al. , 1973 Timbury, 1971 ; Pringle, Howard & Hay, 1973; Takahashi & Yamanashi, 1974) . These conditional lethal mutants provide a
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Table i. Composition of gel
Gel concentration* 5 Glycerol concentration o 3o ~ acrylamide (5 ~ cross linker) (ml) Resolving gel buffer (ml) Stacking gel buffer (ml) H~O (ml) Glycerol (ml) Ammonium persulphate 0o ~ w/v) (ml) TEMED (ml) * These concentrations give gelling times of approx. 3o and but this varies with the source of ammonium persulphate. 40 min for the 7 ~ and I5 ~ gels respectively (E met C2). containing one-fifth the concentration of methionine and 2 ~o calf serum k 5
Below this concentration of methionine the virus yield is reduced (our unpublished observation). The cells were infected with an m.o.i, of approx. 20 unless stated otherwise in about o.I ml of medium/Io 6 cells, allowed to absorb for I h at the same temperature that was to be used for the remainder of the infection, and then washed twice with Emetc2 5 (I ml/3o mm dish, 2 ml/5o mm dish and 50 ml[8o oz roller bottle). The end of the adsorption period was considered t = o h. The infected cells were labelled with sSS-methionine (Amersham, > Ioo Ci/mmol) either from 5 to 24 h after infection (IO/zCi/ml) or pulsed for I h at the times indicated (5o/zCi/ml -except for the experiments of Fig. 3 and 4 where the extended labelling was with 50/zCi/ml.
To label with 14C-protein hydrolysate (Amersham, 45 mCi/mAtom of carbon) or l*C-glucosamine (Amersham, > 200 mCi/mmol) an analogous procedure was used except that the labelling medium was Eagle's containing one-fifth the normal concentration of glucose and amino acids (with arginine at the normal concentration) and 2 ~ dialysed calf serum. Control experiments showed that this medium allowed normal virus yields. 14C-radiochemicals were used at io #Ci/ml. Mock-infected cultures were treated identically except that virus was omitted. At the end of the labelling period the cells were scraped from the dish into the medium, pelleted, resuspended in phosphate buffered saline and stored at -2o °C. Samples were taken for determination of the TCA precipitable counts incorporated (Bollum, I968 ) and, where appropriate, for virus titration.
Purification of labelled virus. Virus was purified by the method of Spear & Roizman (I972) . SDS gel electrophoresis. Gel electrophoresis employed the apparatus described by Studier 0973) modified to allow a I4"6 cm resolving gel. The resolving gel was usually a 7 to I5 ~o linear gradient of acrylamide but in some experiments we have used a 7 to I5 ~ parabolic gradient as this sometimes increases the resolution in the high tool. wt. region while keeping the low mol. wt. polypeptides well defined. (We now find 6 to 15 ~o linear gradients to be as good as the 7 to I5 % parabolic gradient.) Parabolic gels were poured using an LKB Ultrograd 1 I3oo gradient marker. The figure legends indicate which type of gradient was used. The gel was stabilized against convection currents by (a) including a higher concentration of ammonium persulphate in the 7 ~ acrylamide so that the gel polymerized from the top downwards (Table 0 ; (b) including a o to IO ~ glycerol density gradient (Margolis & Kenrick, I967) , and (c) polymerizing the gel in a tank of water to aid the dissipation of heat (P. Goldfarb, personal communication) . The gel gradient is poured into the sandwich through two very narrow tubes, a quarter of the way in from each edge, 35o H.S. MARSDEN, I. K. CROMBIE AND J. H. SUBAK-SHARPE which initially reach to the bottom and are gradually raised so as to be about I cm above the gel surface as it is poured. Before their use the gels were stored overnight at 5 °C in polythene bags which contained a little water to prevent dehydration. We have stored gels for up to 3 weeks without noticeable deterioration.
Trailing of proteins from the stacking/running gel interface can be minimized by gently scraping and rinsing the running gel surface with folded filter paper (Whatman's no. I) before addition of the stacking gel.
To facilitate easy withdrawal of the comb the stacking gel was polymerized around a 2u-tooth lucite comb which had been previously sprayed with poly-tetrafluoroethylene (Fluoroglide, Chemplast Inc., I5O Dey Road, Wayne, New Jersey 0747o). Stacking and resolving gel buffers were those described by Laemmli (I97O) except that the ratio of bisacrylamide to acrylamide was I to 2o. Other solutions were: upper buffer, 0"o5 M-tris, O'055 M-glycine, O-I ~SDS; lower buffer, o.oi M-tris-HC1, 0.2 ~SDS, pH 8.2; final sample buffer o.o5~-tris-HC1, pH 6.8, 2 ~o SDS, 5 ~ /q-mercaptoethanol, Io ~ glycerol and enough bromophenol blue to visualize the dye front.
Samples were boiled for 2 min in sample buffer immediately prior to electrophoresis. Where infected and mock-infected profiles were compared, the samples were adjusted with final sample buffer to give approx, equal asS-activities for each sample. Electrophoresis was performed at 40 mA/gel at 5 °C (for 3 to 4 h). Gels were either fixed in methanol: water:acetic acid (5o:50:7 [v/v]) or stained in the above solution with the addition of 0"2 ~oo (W/V) Coomassie brilliant blue R250 (Raymond A. Lamb, Waves and General Laboratory Supplies, 6 Sunbeam Road, London). Gels were then washed with several changes of methanol:water: acetic acid (5o :88o: 7o [v/v] ). For autoradiography the gels were dried under vacuum as described by Fairbanks, Levinthal & Reeder (I965) and modified by T.H. Pennington (in preparation). Autoradiographs were made with Kodak KD54T film and scanned with a Joyce Loebl double beam scanning microdensitometer model 3CS. When measurement of the amount of protein in individual bands was required a punched data tape was obtained from the microdensitometer. It produced the tape by sampling the density of the autoradiograph in o. I mm steps. This information was fed into a Wang 6oo series computer which performed two tasks. The first was to correct for the 'non-linearity of the film'. This correction was obtained experimentally by distributing zsS-methionine uniformly through a gel before the gel was polymerized and then exposing the polymerized and dried down gel to film for varying lengths of time (Fairbanks et aL I965) . A plot of the optical density (OD) of the film versus number of 35S decays was obtained and the data fitted to a quadratic curve which was then used to correct the recorded OD. (The curve was different for different films.) The second task of the computer was to locate significant peaks and troughs. A trough was identified when the observed OD at a given point exceeded the previous lowest OD by an amount greater than a specified threshold value, and conversely for peaks. The threshold value was chosen to be slightly greater than the random noise of the densitometer trace. The computer then integrated the OD between troughs and expressed that sum as a percentage of the total OD of the whole gel.
Protein mol. wt. markers. The proteins used as mol. wt. markers together with their source are listed below. Unless otherwise indicated their mol. wt. were taken from the lists tabulated by Weber & Osborn (I969) 
RESULTS
To ascertain mol. wt. values in the gradient gel system I8 polypeptides cf known mol. wt. have been used ranging from 220000 (myosin) to 5700 (insulin). (b) and from purified virions of this strain (a). The polypeptides were labelled from 5 to 24 h post adsorption with 35S-methionine and were electrophoresed as described in Fig. I (Fig. 3 a) BHK cells (Fig. 3 b There is evidence that these low mol. wt. polypeptides are virus-induced. (Table 4) .
Thus, four types of evidence are presented suggesting that these polypeptides are virusinduced: (I) their presence in purified virions, (2) their kinetics of synthesis, (3) their failure to co-migrate with detectable host bands and (4) their variability of synthesis by ts mutants. Final judgement on their origin must be deferred until more direct techniques of identification as host or virus specified have been achieved. In many preparations V,~w I i is manifest as a broad, apparently heterogeneous peak which may be because polypeptides migrating this far down in the gel are often diffuse. However, the possibility must be considered that gMw I I may include, or be made up of, degradation products. Fig. 3 also identifies the structural and non-structural polypeptides by a dot to the left or to the right of the 7 h pulse respectively. The 19 non-structural polypeptides were identified on the basis of stimulation of synthesis after infection (Table 2) . '-, 22 
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The broad virion polypeptide band labelled V~w 37' in the densitometer trace of purified virions (Fig. 2) can be seen, in the original autoradiograph, to be composed of at least three discrete polypeptides. Generally, these component polypeptides are not resolved in the infected cell, though occasionally two peaks can be seen (Fig. 3 b and the 31 °C ts E profile of Fig. IO) . The two peaks of Fig. 3b have mobilities corresponding to VMw 37"5 and 37. Vm~ 37"5 is made early in small amounts while V~w 37 is late and made in large amounts. However, during the long label more protein accumulates at the position corresponding to V~w 37"5 than at the position corresponding to V~w 37 (Fig. 3 b) suggesting that some processing is involved for at least one of the polypeptides in peak V~w 37'. This paper reports a total of 52 virus-induced polypeptides. In DNA binding studies Infected cells were labelled at 37 °C with 3~S-methionine from 5 to 24 or 9 to 24 h post absorption and mock-infected cells from 5 to 24 h. Samples were adjusted to give the same number of TCA precipitable ct/min/ml. The six low mol. wt. polypeptides are indicated by dots to the right of the 9 to 24 h profile. 10500) have been observed, which do not co-migrate with any of the above polypeptides and are present in too low amounts to be detected in the infected cell preparations of Fig. 3 . A total of 54 polypeptide bands induced by HSV-I strain I7 has therefore been detected by SDS slab gel electrophoresis. However, we have evidence (to be published) that V~w I I7 may be a precursor to Vuw I22 and other glycosylated polypeptides could be derived, which would reduce the number of distinct unrelated polypeptide species. Spear 0974) has shown processing of glycoproteins. Fig. 5 shows an autoradiograph of the polypeptide profile of BHK cells infected with HSV-I I7 syn ÷ labelled from 5 to 24 h post-adsorption with either 35S-methionine, I~C-protein hydrolysate or x4C-glucosamine. No experiments have been performed to determine whether the 14C-glucosamine incorporated into polypeptides was recovered as a sugar. The suppliers claimed > 98 ~ purity but it is possible that the label could have been converted, within the cell, into various ~4C-products which subsequently labelled non-glycosylated proteins. Thus, polypeptides which label only lightly with ~4C-glucosamine (Vuw 82 and 67) Spear & Roizman (1972) . The polypeptides were correlated on the basis of the relative amounts present in the virion (Heine et al. 1974) , their mol. wt., their kinetics of synthesis (Honess & Roizman, I973) and glycosylation (Heine et al. 1974) . It should be borne in mind that: (Q estimates outside the range of polypeptide markers (> 22ooo0) are likely to be unreliable, (2) that glycosylated polypeptides (Heine et al. I974 ) and otherwise modified polypeptides may migrate differently with respect to each other in different gel systems and (3) the polypeptide profiles of separately isolated wild type strains can differ (Heine et al. I974) . A question mark in Table 3 accordingly indicates that not all four properties were consistent with correlation of the polypeptides between strains ~7 and FI. More extensive correlation of the polypeptide assignments given by different laboratories (working with different virus strains and host cells) will require genetically and biologically controlled comparative experiments. It will also be aided by the use of virus mutants and of immunological techniques.
The effect of conditional lethal ts mutations on the spectrum of polypeptides synthesized at 31 and 38 °C was then investigated. Only consistently observed changes are discussed below and where occasionally a gel does not illustrate an important point because the resolution in the region of interest is unsatisfactory, additional gels are usually also shown.
Infected cells were labelled from 5 to 24 h post-adsorption: by 5 h the host background was substantially reduced and no virus polypeptides had been completely shut off by that time (Fig. 3) .
As different mutants were to be compared it was necessary to determine how the input m.o.i, affected the polypeptide profile under 'normal' experimental conditions. Exponentially growing BHK CI3 cells were infected at 38 or 31 °C with strain 17 syn + ts +, syn + ts D or syn + ts E at five multiplicities ranging from 0"5 to greater than IOO. The virus yields (data not shown) from this type of experiment showed three consistent features: First, the ts + yield at 38 °C was always lower than at 31 °C (two-to fourfold). Secondly, the yield in many experiments was depressed by very high m.o.i, at either temperature. Third, the yield of ts virus at 38 °C was at least lOO times lower than at 31 °C. The amount of this breakthrough at 38 °C increased with the m.o.i, and may have been due to surviving non-replicated input virus. The polypeptide profile from a ts + infection was independent of the input m.o.i. (data not shown). However, there were slight differences between the 38 and 31 °C profiles (Fig. 6, 7 , 9 to I3): V~w I22 was slightly less intense and of slightly lower tool. wt. at 38°C than at 31 °C and Vuw 117, 51 ,28, 22 and 2I are more intense at 38 °C than at 3I °C. These differences are consistently seen, which indicates the importance of including a ts + control infection as well as a mock infection in the design of every such experiment. give the same number of TCA-precipitable ct/min/ml. Harvesting and electrophoresis were performed as described in Methods. This figure is a composite of two autoradiographs from the same gel. The exposure for the lower half is twice that for the upper half. This procedure allows the low mol. wt. polypeptides to be seen more clearly without overexposing the high mol. wt. ones. The lower half results from a cut of the autoradiograph above the major host polypeptide (mol. wt. 44ooo) and the upper half from a cut below V~w 43-Thus both halves show the major host protein and VMw 43. Detailed analysis of the ts D mutant data discloses that 17 polypeptide bands were either missing or made in significantly reduced amounts: Vmv 273, 155, 129, I22, II7, 82/8I, 67, 65/64, 57, 5I, 37', 28, 27, 2I, I6"5, I2"5 and ~I (the reduction of VMw 67 is not clear in the figures shown here but has been seen in many other experiments). In addition, at least four polypeptides accumulate at 38 °C with mol. wt. = 173ooo (consistently migrating just ahead of V~w I75), ii6ooo, II4OOO and 73ooo. The polypeptide mol. wt. = 73ooo may be of particular interest as it does not appear to co-migrate with any identified viral or mock-infected host polypeptide and occurs to a greater or lesser extent in all of the ts mutant infections at non-permissive temperature (see Fig. 6, 7, 9 to I3 ). Fig. 7 shows a similar experiment for ts E. As with ts D, the 38 °C profile at low m.o.i. (0"5) was substantially like the mock-infected profile, though V~w 43 was present in about the same amounts as at 31 °C and some VMw 136 was also detectable. Increasing the m.o.i, to 2.I and 8 produced increasingly 'virus-like' profiles, while further increases to 34 or I34 produced no additional significant changes. The polypeptide of mol. wt. 73ooo accumulated and in addition, there were several host polypeptides which do not appear to have been shut off. The defect in ts E produced different types of alterations in the affected polypeptides at 38 °C. To illustrate this the amount of each polypeptide has been measured as a percentage of the total protein in the sample (see Methods section). Fig. 8 shows the results of such an analysis for Vu,v 155 and VMw (I17 and I22). Since there is evidence that V~w I22 may be derived from V~w I 17 (Spear, 1975 ; H. S. Marsden & M. H. Suh, in preparation), they have been grouped tcgether. The ratio of the amount of the polypeptide made in the mutant at 38 and 31 °C and the ratio of the amount of the polypeptides made in the mutant infection at 38 °C and the wild-type infection at 38 °C are shown. Both comparisons demonstrate that in non-permissive conditions Vu,v 155 was synthesized in only 3o ~ of the amount made under permissive conditions, while at m.o.i, above IO, VMw (I I7 + I22) was synthesized in equal amounts at both temperatures. Thus, the primary defect in ts E affected the production of V~w 155 and VMw (117+ I22) in quite different ways.
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A further fourteen ts mutants were analysed at an m.o.i, of approx. 2o ( Fig. 9 to 13 ). The results are summarized in Table 4 which indicates the precise pattern of polypeptides affected by each mutant.
The eight mutants ts H, K, L, M, N, S, T and U were in the syn form (as initially isolated) and the wild-type control infection used was therefore a stock of strain 17 syn. However, V~w 37' is not detectable in the wild-type control infection although this protein band can be seen in every 31 °C mutant infection ( Fig. I2 and I3 ). This indicates that the I7 syn :stock used for the isolation of the mutants differed from the departmental 17 syn stock used here. However, this anomaly in the wild-type control neither affects nor invalidates the interpretation of the ts mutant profiles since the mutant profile at 38 °C is in every case .compared with the mutant profile at 3I °C. No virus protein could be detected after infection with ts K under non-permissive conditions (Fig. I2) . It is conceivable that at 38 °C the virus cannot adsorb to, or penetrate into, or uncoat in the cell. For this reason the mutant
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mol. wt, . The infected and mock-infected cells were labelled, harvested and electrophoresed as described ( Fig. 6 and Methods). The figure is a composite of two autoradiographs from the same gel as described in the legend to Fig. 6. tool. wt. x 10 -a has not been included in Table 4 . It was also noted that ts L (Fig. I2) did not appear to make VMw ii at the permissive temperature. The polypeptide mol. wt. = 73ooo (origin unknown) is induced in all the mutant infections at 38 °C though the polypeptide is not resolved in the gel shown here for ts K, L and N (Fig. I2 ). i, polypeptide not detected. ~1~, polypeptide made in significantly reduced amounts (no attempt has been made to measure the effect more precisely since it is generally variable). [-"~, polypeptide synthesis greatly stimulated (> fivefold). FTlu], polypeptide synthesis slightly stimulated (two-to fivefold). n~, no data (when the resolution of the gel does not permit description of an important band). ; and this paper) makes it particularly important to distinguish those which are essential to the structural integrity of the virus particle from those which are found associated with the virion having perhaps performed some nonstructural role in or at the membrane and been passively incorporated as the capsid was enveloped. It will also be important to establish whether any of the low mol. wt. virion polypeptides are cleavage products of larger virion polypeptides.
Protein synthesis in H S V -I infected cells
V~w 37' appears not to be necessary for the production of virus under our experimental
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wt. conditions because it is not detectable in at least one ts + stock ( Fig. I2 and I3 ). The work reported here employed a spectrum of ts mutants to examine this relationship between individual virus gene function and virus DNA synthesis. One unexpected result obtained with the DNA -ve mutants was the high m.o.i, needed to obtain a consistent profile at the non-permissive temperature. Consider, for example, the data for ts D (Fig. 6 ). The Poisson distribution shows that at an m.o.i, of o. 7, 50 ~ of the cells are infected, theretore the polypeptide profile at this m.o.i, might have been expected to be equivalent to an equal mixture of the MI profile and the most 'virus-like' profile (e.g.m.o.i. = ~ I). Clearly, this was not so -the m.o.i. = o'7 profile was essentially like the MI profile. Similarly, at an m.o.i. = 2.8, 96 ~ of the cells are infected and the profile might have been expected to be indistinguishable from the m.o.i. = 11 profile, whereas it was clearly distinguishable. Similar arguments hold for ts E (Fig. 7) where at m.o.i, of o'5 and 2.I, 39 ~ and 88 ~o of cells are infected.
The mutants described by Table 4 have been arranged in decreasing order of the total number of altered virus polypeptides. The actual number for each mutant and ability or inability to make virus DNA under non-permissive conditions are also listed (data from unpublished observations by J. Hay et al. and H. S. Marsden). Mutants which do not synthesize virus DNA have more defects than those which do -indeed, there is no overlap at all between these mutants of the two DNA phenotypes. This corrects one earlier conclusion of Subak-Sharpe et al. (I974) which was based on a comparison of the polypeptide profiles of six mutants with unpublished work on their DNA phenotype (Mechie, 1974) . Unfortunately, the DNA phenotypes of ts A, D and E were at that time incorrectly screened. Our experiments now show that ts D and ts E have a shut-off temperature > 37 °C and it seems likely that those earlier experiments had been done at just below the critical shut-off temperature.
The virus-induced polypeptides can be grouped into nine classes based upon the dependence relationships between the synthesis of individual polypeptides and the DNA phenotype of the mutants. This classification is summarized in Table 5 . Consideration of the individual effects of the ten DNA -ve mutants (including ts K) on the virus polypeptide profiles illustrates that the relationship between the various genes directly or indirectly controlling virus DNA synthesis and the production of the various virus polypeptides is complex.
Some polypeptides are affected by many independent mutations (e.g. Vuw I22, by I4 out of 15 mutants; VMw 82/8I, 5t and I2. 5 in I2 of I5 mutants - Table 4 ). This suggests that these polypeptides may be at or near the terminus of one or more pathways which are under interlocking multiple control.
Conversely there are some polypeptides which are not affected by any of the 15 mutations. Four possible reasons for this finding would be: (t) The polypeptide has actually been altered by a missense mutation which does not alter the mol. wt. or the amount made but does result at 38 °C in a non-functional polypeptide. (2) detected by kinetics of synthesis (Fig. 3 ) -is not recognizable by a 5 to 2 4 h label because of its low quantity or proximity to a host polypeptide. Examples of such polypeptides are: Vuw IO3, 68, I9, I7"5, I7, I6, 15, I4 and 13. (3) The I5 mutants probably represent only Io to 2o ~ of the HSV genes. Polypeptides not affected by these I5 might fall into one or other of the classes summarized in Table 5 once more mutants have been analysed. (4) The polypeptide is not essential under the experimental conditions at either 3I or 38 °C and is not under multiple HSV gene control. Some polypeptides are only affected by one of the mutants (e.g. V~w I36 and 43). It is concluded that synthesis of these polypeptides is not dependent on the expression of many virus functions. In support of this conclusion is the observation that these two polypeptides are amongst the earliest synthesized in the infected cell (Fig. 3) When more mutants have been examined it will be possible to extend this type of analysis to identify the number and sequence of the implied interlocking cascade controls. Honess & Roizman (1974) . The polypeptide migrating just ahead of V~w I75 (tool. wt. = 173oo0) which is accumulated by ts D and ts T appears to be identical with ICP 4, one of the a-polypeptides described by Honess & Roizman (I974) . This identification is based on a preliminary observation (not shown) in which polypeptides synthesized following a cyclohexamide block were co-electrophoresed with those produced by ts D at 38 °C. Another polypeptide accumulated by ts D (mol. wt. = 116000, Fig. 6 ) may correspond to ICP o. These observations suggest that ts D and ts T are deficient in the turn-off of a-polypeptide synthesis. Such mutants may not be uncommon. Courtney & Benyesh-Melnick (I974) have described two mutants of HSV-I, also both DNA -ve which accumulate VP 175.
Preliminary data indicate that ts D and ts T'do not complement each other. A comparison of the profiles of ts D and ts T show that these two mutants, while very similar, are not identical (e.g. V~w 43 and 28 are reduced in ts T but not in ts D and Vaw I29 is reduced in ts D but not in ts T). One explanation might be that these two mutants are defective at two different but close points along the same regulatory pathway. The alternative explanation, that at least one is a multiple mutant, is being checked by isolating revertants. For ts D at least 18 of the 19 altered polypeptides gain the wild-type pattern by single step reversion (H. S. Marsden & Taylor, unpublished data) . Table 4 also summarizes the profiles of two other mutants ts B and ts E which do not complement or recombine with each other (Brown et al. 1973) . The profiles are almost identical. However, we consistently find V~w 37' is reduced more in infections with ts E than with ts B.
Various degrees of inhibition of host protein synthesis can be seen under non-permissive conditions in the different ts mutant infections. Ts K fails completely to shut off host protein synthesis, though as was pointed out this may be an adsorption, penetration or uncoating mutant. (It will be important to investigate whether any protein synthesis prior to 5 h occurs in a ts K 38 °C infection.) Intermediary shut-off is found with mutants such as ts D or ts B. With ts A the shut-off is almost as good as with wild-type virus. This suggests that the inhibition of host protein synthesis by virus may not be a simple single step process. It is of interest that recent experiments (Bayliss et al. 1975) suggest that the production of some cellular DNA binding proteins is not turned off following infection with wild-type virus.
All of the mutants so far examined show an altered polypeptide profile at 38 °C: occasionally one, but usually several, polypeptides are affected. This would not be expected of ts mutants in single genes unless they have control function. Alteration of a single polypeptide band could however be explained by the mutant product being rapidly degraded as a consequence of the missense substitution in its amino acid sequence. Our finding therefore indicates that a considerable proportion of the HSV-I genome must specify controlling functions.
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